ABSTRACT
Maintenance of water-electrolyte balance by the kidneys is an important mechanism of body fluid volume and BP regulation. The long-term control of BP involves Na ϩ homeostasis through the precise regulation of the epithelial Na ϩ channel (ENaC) in the aldosterone-sensitive distal nephron. Abnormalities in ENaC function have been linked to disorders of: total body Na ϩ homeostasis, blood volume, BP, and lung fluid balance. 1, 2 For example, a partial loss-of-function mutation of ENaC produces pseudohypoaldosteronism type 1, 3, 4 characterized by salt wasting. In contrast, a gain-of-function mutation leads to Liddle syndrome. [5] [6] [7] Endothelin-1 (ET-1) is a powerful vasoactive peptide 8 that controls cell proliferation and gene expression and may also be an important negative regulator of sodium and water reabsorption. 9 -11 ET-1 targets cells through ET A and ET B receptors. Collecting duct (CD)-specific knockout of ET-1 causes hypertension. CD-specific knockout of the ET A receptor does not alter BP, whereas CD-specific knockout of the ET B receptor increases BP to a lesser extent than CD ET-1 knockout. [12] [13] [14] Combined knockout of CD ET A and ET B receptors causes hypertension and sodium retention. 15 ET B -knockout rats develop hypertension on a high-salt diet. Normal BP in these salt-sensitive, hypertensive rats is restored after amiloride treatment. 16 Moreover, electrophysiological study showed that picomolar concentrations of ET-1 attenuate ENaC open probability via ET B receptors in an amphibian distal nephron cell line. 17 Similar results were demonstrated in mammalian fibroblast cells by stably expressing genes for the three ENaC subunits. The inhibitory effect of ET-1 on ENaC could be completely blocked when cells were pretreated with the selective Src family kinase inhibitor, PP2. Further studies revealed that basal Src family kinase activity strongly regulates ENaC inhibition. 18 Bugaj et al. 19 recently demonstrated in native rat cortical collecting duct (CCD) principal cells that ET-1 dynamically decreases ENaC open probability via ET B receptors and that subsequent intracellular pathways involved Src tyrosine kinase activity and MAPK1/2 signaling. Furthermore, it was recently shown that aldosterone modulates steroid receptor binding to the ET-1 gene. 20 Our previous studies showed that several small G proteins, including K-Ras, RhoA, and Rab11a, alter ENaC activity. [21] [22] [23] [24] [25] [26] The activity of small G proteins is modulated by guanine nucleotide exchange factors (GEFs). p21-activated kinase (Pak)-interacting exchange factor ␤ (␤Pix) is a member of the DBL (diffuse B cell lymphoma) family of Rho-GEFs for Rac1 and Cdc42. We have shown previously that ET-1 induces ␤ 1 Pix translocation to focal adhesions through a PKA-dependent pathway 27 and that ␤ 1 Pix plays a crucial role in the regulation of Cdc42 activation by ET-1. 28 Moreover, we have reported up-regulation of ␤Pix expression by ET-1 in primary human mesangial cells and identified a number of signaling molecules that form a multiunit signaling complex with ␤Pix. 29 Consequently, ␤Pix plays an important role in ET-1 signal transduction and possesses both GEF and scaffolding activity.
Using tagged 14-3-3 proteins, Jin et al. 30 showed for the first time that ␤Pix can bind 14-3-3 proteins. Later, Angrand and colleagues 31 used tandem affinity purification and liquid chromatography-mass spectrometry methods to confirm 14-3-3 binding with ␤Pix. We have recently provided a mechanistic insight into the role of 14-3-3␤ in modulating ␤ 1 Pix activity and identified 14-3-3␤-binding sites on ␤ 1 Pix. 32 14-3-3 proteins are essential components of ENaC regulation. These proteins associate with SGK1-phosphorylated Nedd4-2 to maintain its phosphorylated/inactive state and thereby obstruct its physical association with ENaC. [33] [34] [35] [36] [37] In the present study we report that ET-1 significantly decreases ENaC activity in three different cell types, including freshly isolated rat CCD. Furthermore, we demonstrate here that ␤Pix is highly expressed in various cell lines, localized in CCD, and decreases ENaC activity when coexpressed in Chinese hamster ovary (CHO) cells. This effect did not occur through ␤ 1 Pix GEF activity and was mediated by binding with 14-3-3 proteins. ␤Pix silencing demonstrated that ␤Pix is not involved in the acute effect of ET-1 on channel open probability but instead mediates chronic decrease of number of active channels. These results reveal a new signaling pathway that brings together several proteins known to play a central role in the regulation of ENaC. Furthermore, these findings identify novel pathway for GEF ␤Pix action in which scaffolding activity, but not GEF activity, controls negative regulation of signaling independent of small G protein activation. Thus, our data suggest the existence of signaling pathway initiated by ET-1 and resulting in down-regulation of ENaC activity by ␤Pix which acts via 14-3-3/Nedd4-2 complex.
RESULTS

ET-1 Decreases ENaC Activity in a Biphasic Pattern: An Acute and a Chronic Phase
In the present study we tested the effect of ET-1 on ENaC activity in three different cell types. First, we isolated CDs, split them open, and formed cell-attached seals on the apical membrane of principal cells to directly monitor changes in ENaC activity in real time. The representative current recording in Figure 1A documents the time course of inhibiting ENaC activity in freshly isolated rat CCDs. A continuous trace before and after addition of 20 nM of ET-1 is shown at the top. Segments before and after ET-1 are shown below at expanded time scales. The effect of ET-1 was partially reversible, with channel activity quickly recovering upon washout of ET-1 ( Figure 1A) . Similarly, ET-1 (100 nM) rapidly decreased ENaC activity in cell-attached experiments on mouse cortical CD principal (mpkCCD c14 ) cells and CHO cells transiently transfected with all three ENaC subunits and ET B R (Figure 1 , B and C). As summarized in Figure 1D , ET-1 acutely decreased ENaC open probability (P o ) in all three studied cell systems.
After 24-hour treatment of mpkCCD c14 cells with 100 nM ET-1, we also observed decrease in ENaC activity (Figure 2 ). However, underlying mechanisms of acute and chronic effects of ET-1 treatment are remarkably different. Acute effect was mediated by decreases in channel P o , whereas long-term effect was mediated by decrease in the number of channels. When mpkCCD c14 cells were pretreated with ET-1 for 24 hours, P o did not significantly change (0.60 Ϯ 0.10 and 0.48 Ϯ 0.10 before and after treatment, respectively). In contrast, chronic treatment with ET-1 (24 hours) resulted in significant decrease of number of observed channels (N) (from 2.57 Ϯ 0.48 to 1.38 Ϯ 0.26). These results demonstrate that ET-1 regulates ENaC in two phases: an acute phase mediated by decreasing P o and a chronic phase resulting in a decrease of the number of channels in the plasma membrane.
␤Pix Expression and Localization
We have previously shown that exposure to ET-1 stimulation induced ␤Pix expression and activation of ␤Pix's mediated signaling cascades. 27, 29 Thus, we were interested in testing the hypothesis that ␤Pix is involved in ET-1-mediated decrease in ENaC activity. Immunohistochemistry analysis was performed in Sprague-Dawley rat kidneys to identify a distribution of ␤Pix protein. Figure 3A demonstrates a representative immunohistochemistry staining for ␤Pix at 20ϫ (upper panels) and 40ϫ (lower panels) magnifications. Negative controls (left) (stained without primary and secondary antibodies) are also shown. Additional negative control (staining with secondary antibodies in the absence of primary antibodies) also did not show any staining (data not shown).
Western blot analysis identified expression of endogenous ␤Pix in various cell lines. The data presented in Figure 3B show Figure 4A shows ENaC currents before (arrows) and after treatment with amiloride (10 M), which is a wellknown inhibitor of channels in the ENaC/DEG family in a cell expressing the channel alone (up) and in a cell expressing both the channel and wild-type ␤ 1 Pix. Currents were elicited by voltage ramping from 60 mV down to Ϫ100 mV (holding potential at 40 mV). As summarized in Figure 4B Because both ET-1 and ␤Pix decrease ENaC activity and previous published results support coupling between ET-1 signaling and ␤Pix, we were interested in testing whether ␤Pix is involved in ET-1 effects on ENaC. To establish a role of ␤Pix in 
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ET-1-mediated down-regulation of ENaC activity, we used shRNA against ␤Pix. Mouse ␤Pix shRNA lentiviral particles were used to down-regulate mRNA levels of ␤Pix in mpkC-CD c14 cells. Efficient down-regulation of ␤Pix expression in mpkCCD c14 cells treated with ␤Pix shRNA lentivirus (but not with control lentivirus) was verified by Western blot analysis ( Figure 5A ). Next, we examined functional consequences of ␤Pix silencing using cell-attached seals on the apical membrane of mpkCCD c14 principal cells with ␤Pix-introduced shRNA, to directly monitor acute changes in ENaC activity in response to ET-1 in real time. As summarized in Figure 5B , ENaC activity was significantly decreased in response to acute application of ET-1, similar to wild-type mpkCCD c14 cells ( Figure 1 , B and D). The mean number of active channels within patches was unchanged. These results demonstrate that ␤Pix is not involved in acute decrease of ENaC activity in mpkCCD c14 cells. Next, we tested the chronic effect of ET-1 on ENaC activity in ␤Pix-depleted mpkCCD c14 cells. For these experiments, cells were treated for 24 hours with 100 nM ET-1. As shown in Figure 5C , in the absence of ␤Pix, chronic treatment with ET-1 did not decrease ENaC activity. On the contrary, ET-1 significantly decreased ENaC activity in mpkC-CD c14 cells infected with lentivirus encoding scrambled shRNA, the same way long-term ET-1 treatment did in wildtype mpkCCD c14 cells ( Figure 2 ). Thus, ␤Pix is involved in chronic decrease of the number of active channels in response to ET-1 treatment.
Rac1 and Cdc42 Are Not Involved in ␤ 1 Pix-Dependent Decrease in ENaC Activity ␤ 1 Pix was shown to be a GEF for Rac1 and Cdc42. 38, 39 Moreover, we and others have shown previously that several small G proteins regulate ENaC activity through different mechanisms. Thus, we tested the effect of Rac1 and Cdc42 on ENaC activity in CHO cells. Rac1 markedly enhanced ENaC activity. Coexpression of ENaC subunits with wild-type or constitutively active (QL) Rac1 significantly increased ENaC activity from 215 Ϯ 17 to 530 Ϯ 86 and 657 Ϯ 96 pA/pF, respectively. Surprisingly, coexpression of neither wild-type nor constitutively active (G12V) mutant Cdc42 had an effect on ENaC activity ( Figure 6 ). These results suggest that ␤ 1 Pix decreases ENaC activity through a mechanism not involving GEF activity for Rac1 and Cdc42.
14-3-3␤ and Nedd4-2 Involvement in ␤ 1 Pix Regulation of ENaC Activity
We have previously described two mutants of ␤ 1 Pix: ␤ 1 Pix ⌬602 to 611 and L238R, L239R, which affect ␤ 1 Pix scaffolding and GEF activity, respectively. ␤ 1 Pix (⌬602 to 611) has amino acid residues 602 to 611, located within the leucine zipper do- main, deleted, and their deletion interferes with ␤ 1 Pix homodimerization. 14-3-3 binding requires ␤ 1 Pix homodimerization, and deletion of amino acids 602 to 611 completely inhibited the interaction between 14-3-3␤ and ␤ 1 Pix. 32 ␤ 1 Pix (L238R, L239R) mutant contains an inactive DH domain and lacks GEF activity. 27, 38 As summarized in Figure 7A , coexpression of wild-type ␤ 1 Pix and ␤ 1 Pix (L238R, L239R) DH mutant but not ␤ 1 Pix (⌬602 to 611) mutant in CHO cells significantly decreased ENaC activity. Furthermore, we tested whether the lower current magnitude was due to different expression of ␤ 1 Pix constructs. To that end, we performed Western blot analysis of ␤ 1 Pix proteins from CHO cells transfected with empty vector, myc-tagged wild-type, ␤ 1 Pix (L238R, L239R) or ␤ 1 Pix (⌬602 to 611) mutants. The protein products were detected at comparable levels in all three groups ( Figure 7B ). We interpret these results as an evidence that ␤ 1 Pix affected ENaC activity via 14-3-3 binding but not GEF activity.
To further understand how ␤ 1 Pix regulates ENaC activity, we tested whether ␤ 1 Pix interacts with 14-3-3␤ in mpkCCD c14 principal cells. As shown in Figure 8A , endogenous 14-3-3␤ is coimmunoprecipitated with ␤Pix in mpkCCD c14 cells. Cell lysates were subjected to immunoprecipitation using anti-14-3-3␤ antibodies. Immunoprecipitated 14-3-3␤ and coprecipitated ␤Pix were detected using anti-14-3-3␤ and anti-␤Pix antibodies, respectively. Results shown in Figure 8B are also consistent with ␤ 1 Pix and 14-3-3␤ being parts of the same signaling cascade with respect to ENaC. In these experiments we coexpressed mENaC in CHO cells either alone or in combination with 14-3-3␤ and ␤ 1 Pix separately or together. Coexpression of 14-3-3␤ significantly increased ENaC activity. However, ENaC activity was significantly decreased when ␤ 1 Pix was coexpressed with 14-3-3␤. These results clearly show that ␤ 1 Pix is involved in 14-3-3␤-mediated regulation of ENaC activity.
To determine the physiologic significance of 14-3-3␤ binding to ␤ 1 Pix and its role in Nedd4-2 regulation, we sought to investigate the effect of ␤ 1 Pix overexpression upon ability of 14-3-3 to interact with Nedd4-2. To this end, cells were transfected with plasmid encoding FLAG-tagged Nedd4-2, and coimmunoprecipitation of 14-3-3␤ with Nedd4-2 was evaluated in the presence and absence of overexpressed ␤ 1 Pix (Figure 9 ). In the absence of overexpressed ␤ 1 Pix, coimmunoprecipitation of 14-3-3 with anti-FLAG antibodies was detected, as expected. Coprecipitation of 14-3-3 with Nedd4-2 was not observed when ␤ 1 Pix was coexpressed ( Figure 9C ). These data suggest that ␤ 1 Pix recruitment of 14-3-3␤ decreases interaction of 14-3-3␤ with Nedd4-2. Moreover, ␤Pix has no effect on ENaC activity when coexpressed with dominant negative Nedd4-2 as assessed by electrophysiology ( Figure 10A ). Furthermore, ␤Pix's effect is abolished by overexpression of Liddle syndrome mutants of ENaC ( Figure 10B ). In these experiments we coexpressed ENaC subunits with three prolines (3P) mutated to Ala in the PY motif in the absence and presence of ␤ 1 Pix. Furthermore, we and others have shown previously that the conserved Thr628 preceding the PY motif in ␥-ENaC, similar to the PY motif in this subunit, has an effect on interactions with Nedd4-2. 40, 41 Phosphorylation of this site has previously been reported to enhance the interaction of ENaC and Nedd4. 42 As apparent in Figure 10 , B and C, overexpression of ␤ 1 Pix with ENaC mutants required for the Nedd4-2 regulation had no effect on BASIC RESEARCH www.jasn.org channel activity. This finding adds additional support to our hypothesis that ␤ 1 Pix decreases ENaC activity by involving the 14-3-3/Nedd4-2 signaling pathway.
DISCUSSION
The activity of ENaC is under the control of a number of regulatory mechanisms and signaling molecules. ET-1, 14-3-3, and Nedd4-2 are known to play a central role in the regulation of ENaC. Our data identify a new signaling pathway that brings together all cited above signaling proteins. Shown in Figure 11 is a possible model for regulation of ENaC by ET-1 via a ␤Pix/ 14-3-3/Nedd4-2 complex. We propose that an ET-1-mediated complex between ␤Pix and 14-3-3 facilitates Nedd4-2 binding to ENaC, thereby decreasing ENaC activity via affecting the number of active channels.
Some data support a role for ET-1 regulation of ENaC, most likely via ET B receptors. [17] [18] [19] Renal tubular cells may secrete ET-1 themselves, which could regulate sodium transport in the kidney under physiologic and pathologic conditions. Our observations that ET-1 decreases ENaC activity in freshly isolated principal cells of the rat CD, polarized mouse mpkCCD c14 cells, and CHO cells transiently expressed with ENaC subunits, are consistent with those data. Furthermore, we have shown that ET-1 regulates ENaC in a biphasic pattern, and that long-term effect is mediated by decreasing in the number of channels.
␤ 1 Pix is a GEF for Rac1 and Cdc42. 38 Coexpression of ␤ 1 Pix with ENaC decreased amiloride-sensitive current in CHO cells. We expected that ␤ 1 Pix modulates ENaC activity via activation of Rac1 and Cdc42 small G proteins. However, the effect of ␤ 1 Pix is unlikely to occur through GEF activity of ␤ 1 Pix, because dimerization-deficient ␤ 1 Pix mutant failed to decrease ENaC activity while retaining GEF activity toward Cdc42. Although dimerization-deficient ␤ 1 Pix mutant has diminished GEF activity toward Rac1, involvement of this small GTPase in regulation of ENaC in our experimental system could be ruled out on the basis of our experiments with constitutively active mutant of Rac1. Furthermore, a ␤ 1 Pix mutant that has no GEF activity decreased current density to a similar extent as wild-type ␤ 1 Pix. Several lines of evidence suggest that ␤ 1 Pix acts not only as GEF for Rac1 and Cdc42, but also as a scaffolding protein. For example, we have recently demonstrated that ET-1 stimulation of primary human mesangial cells induces ␤Pix and p66Shc up-regulation, resulting in the formation of the ␤Pix/p66Shc complex. 29 In our current and previous studies, 32 we have further explored the interaction between 14-3-3␤ and ␤ 1 Pix using coimmunoprecipitation studies. Moreover, we have shown that there is less interaction of 14-3-3 with Nedd4-2 when coexpressed with ␤Pix. 14-3-3 proteins modulate the expression of ENaC by phosphorylation-dependent interaction with Nedd4-2. 33, 34 Aldosterone selectively increased 14-3-3 protein isoform expression, and as- sociation of 14-3-3 with phospho-Nedd4-2 is required for sodium transport stimulation. 35, 36 A mechanism by which Sgk affects ENaC activity by disrupting Nedd4-2 binding to the channel is well documented. Sgk1 and Nedd4-2 converge into a common cell signaling pathway and regulate the cell surface density of ENaC, where Sgk1 phosphorylates Nedd4-2, thereby reducing both its binding affinity to ENaC and the rate of ENaC degradation. [43] [44] [45] [46] It is unclear at this time whether Nedd4-2, SGK, 14-3-3, and ␤ 1 Pix have roles at different sites along a common trafficking pathway or are components of distinct trafficking pathways with respect to ENaC. Regardless of whether these trafficking proteins are involved in one or more pathways of ENaC regulation, we can state that ␤ 1 Pix forms a complex with 14-3-3 and negatively regulates ENaC activity. Most likely, ET-1 through basolateral ET B R rapidly decreases ENaC open probability through a signaling cascade involving activation of src family tyrosine kinases and stimulation of its downstream MAPK1/2 effector cascade. Later, ET-1 via ␤Pix/14-3-3/Nedd4-2 signaling affects the number of channels at the apical plasma membrane.
CONCISE METHODS
cDNA Constructs and Cell Culture
All chemicals and materials were purchased from either Fisher Scientific, Sigma, or CalBiochem unless noted otherwise. CHO and M-1 cells were obtained from ATCC and maintained with standard culture conditions (Dulbecco modified Eagle medium, 10% FBS, 1ϫ penicillin-streptomycin, 37°C, 5% CO 2 ). Immortalized mouse cortical CD (mpkCCD c14 ) principal cells were grown in defined medium on permeable supports (Costar Transwells; 0.4-m pore, 24-mm diameter) or 4 ϫ 4 glass chips as described previously. 47, 48 Cells were maintained with FBS and corticosteroids, allowing them to polarize and form monolayers with high resistances and avid Na ϩ reabsorption. The expression vectors encoding wild-type ␤ 1 Pix, ␤ 1 Pix (L238R, L239R), and ␤ 1 Pix (⌬602 to 611) were described previously. 27, 29 The expression vectors encoding ET B R, wild-type Rac1, and wildtype and constitutively active Cdc42 (G12V) were from the UMR cDNA Resource Center (http://www.cdna.org). The expression vector encoding constitutively active Rac1 (QL) was from Dr. A. Chan (Medical College of Wisconsin). The expression vector encoding wild-type 14-3-3␤ was a kind gift from Dr. M.S. Shapiro (San Antonio, TX). The vectors encoding FLAG-tagged Nedd4-2 and Liddle syndrome mutants (mutation of the three prolines, 3P; ␣ P698 -700A , ␤ P643-645A , and ␥ P629 -631A ) of ENaC subunits were a kind gift from Dr. J.D. Stockand (San Antonio, TX). Dominant negative Nedd4-2 (Ser221, Thr246, and Ser327 phosphorylation sites mutated to Ala) was provided by Dr. P.M. Snyder and described previously. 49 The mammalian expression vectors encoding ␣-, ␤-, and ␥-mouse ENaC and T628A mutant have been described previously. 21, 40 Isolation of CDs Patch-clamp electrophysiology was used to assess ENaC activity in isolated, split-open rat CCD. CCDs were isolated from salt-restricted Figure 9 . ␤ 1 Pix recruitment of 14-3-3␤ decreases interaction of 14-3-3␤ with Nedd4-2. CHO cells were transfected with plasmid encoding FLAG-tagged Nedd4-2 and cotransfected with either control plasmid (Ϫ) or plasmid encoding Myc-tagged ␤ 1 Pix (ϩ). (A) Lysates from CHO cells were analyzed by Western blotting using anti-Myc antibodies to verify ␤ 1 Pix expression. (B) Equal expression of 14-3-3␤ was verified using immunoprecipitation (IP) with anti-14-3-3␤ antibodies followed by Western blotting with anti-14-3-3␤ antibodies. (C) Lysates from CHO cells were immunoprecipitated with anti-FLAG antibodies followed by Western blotting with anti-14-3-3␤ antibodies. The band recognized by 14-3-3␤ antibodies corresponds to 14-3-3␤ coprecipitated with Nedd4-2. Overexpression of ␤ 1 Pix efficiently prevents coprecipitation of 14-3-3␤ with Nedd4-2. TCL, total cell lysate; IB, immunoblot. (Na ϩ -deficient diet for 1 week) Sprague-Dawley rats to set initial ENaC activity to a high level. This preparation has been described previously. 48, 50, 51 Kidneys were cut into thin slices (Ͻ1 mm) with slices placed into ice-cold physiologic saline solution (pH 7.4). CDs were mechanically isolated from these slices by microdissection using forceps under a stereomicroscope. Isolated CCDs were allowed to settle onto a 5 ϫ 5 mm coverglass coated with poly-L-lysine. Coverglasses that contained CCDs were placed within a perfusion chamber mounted on an inverted Nikon TE2000 microscope and superfused with a physiologic saline solution buffered with HEPES (pH 7.4).
CCDs were split open with a sharpened micropipette controlled with a micromanipulator to gain access to the apical membrane. Animal use and welfare adhered to the National Institutes of Health "Guide for the Care and Use of Laboratory Animals" following a protocol reviewed and approved by the Institutional Animal Care and Use Committee.
Transfection
For electrophysiology experiments CHO cells were seeded on sterile 4 ϫ 4 mm coverglass in 35-mm Petri dishes and transfected using Polyfect reagent (Qiagen, Valencia, CA) as described previously. 52 Mouse ENaC was reconstituted by coexpressing ␣-, ␤-, and ␥-channel subunits together. For expression of ENaC in CHO cells, subunit cDNA transfection ratios of 1:1:1 were used (0.1 to 0.3 g of cDNA per 35-mm dish). To define successfully transfected cells, 0.5 g of green fluorescence protein was also added to cDNA mix. ␤Pix shRNA (m) lentiviral particles (subcutaneously-39149-V; Santa Cruz Biotechnology) were used for the inhibition of ␤Pix expression in mpkCCD c14 cells. ␤Pix shRNA lentiviral particles are a pool of concentrated, transduction-ready viral particles containing three target-specific constructs that encode 19-to 25-nucleotide (plus hairpin) shRNA designed to knock down gene expression. Control shRNA Lentiviral Particles (subcutaneously-108080; Santa Cruz Biotechnology) were used to confirm the transduction efficiency. After transduction with Santa Cruz transfection reagent, stable cell line expressing the shRNA was isolated via selection with puromycin.
Immunohistochemistry
The Sprague-Dawley rat kidneys were fixed 24 to 48 hours in zinc formalin and processed for paraffin embedding. The kidney sections were cut at 4 m, dried, and deparaffinized for subsequent labeled streptavidin-biotin immunohistochemistry. After deparaffinization, the slides were treated with a citrate buffer (pH 6) for a total of 35 minutes. The slides were blocked with a peroxidase block (DAKO), avidin block (Vector Labs), biotin block (Vector Labs), and serumfree protein block (DAKO). Tissue sections were incubated for 90 minutes in a 1:200 concentration of anti-␤Pix (Millipore). Secondary detection was performed with goat anti-rabbit biotinylated IgG (Biocare) followed by streptavidin horseradish peroxidase (Biocare) and visualized with DAB (DAKO). All slides were counterstained with a Mayer hematoxylin (DAKO), dehydrated, and mounted with permanent mounting media (Sakura).
Electrophysiology
Single-channel current data were acquired and subsequently analyzed with Axopatch 200B or MultiClamp 700B patch-clamp amplifiers (Molecular Devices, Sunnyvale, CA) interfaced via a Digidata 1440A (Molecular Devices) with a PC running the pClamp 9.0 or 10.2 suite of software. After a high-resistance seal (over 10 GOhm) was obtained, cell-attached recording was performed immediately. The membrane resistance was monitored regularly to ensure the quality of recording. For measurements of acute effect, only one experiment was performed per dish to avoid any possibility of examining cells whose properties might have been altered by extended exposure to ET-1. When currents were acquired with an Axopatch 200B amplifier, currents were filtered with an eightpole, low-pass Bessel filter LPF-8 (Warner Institute, Hamden, CT) at 0.2 kHz. All experiments were performed at room temperature with fire-polished pipettes of borosilicate glass (World Precision Instruments, Sarasota, FL). The pipette was pulled by a horizontal puller (Sutter P-97; Sutter Instruments, Novato, CA). The resistance of the pipette in the corresponding bath medium was 7 to 12 MOhm. Typical bath solution was (in mM): 150 NaCl, 1 CaCl 2 , 2 MgCl 2 , and 10 HEPES (pH 7.4). Pipette solution for cell attached configuration was (in mM): 140 LiCl, 2 MgCl 2 , and 10 HEPES (pH 7.4).
Whole-cell macroscopic current recordings of mENaCs expressed in CHO cells were made under voltage-clamp conditions using standard methods. 22, 52 Cells were clamped to a 40 mV holding potential with voltage ramps (500 ms) from 60 mV down to Ϫ100 mV used to elicit current. Pipette solution for whole-cell configuration was (in mM): 120 CsCl, 5 NaCl, 2 MgCl 2 , 5 EGTA, 2 Mg-ATP, 0.1 GTP, and 10 mM HEPES (pH 7.4). Typical bath solution was (in mM): 150 NaCl, 1 CaCl 2 , 2 MgCl 2 , and 10 HEPES (pH 7.4). ENaC activity was assessed as the amiloride-sensitive current density at Ϫ80 mV. Whole-cell capacitance, on average 6 to 10 pF, was compensated. Series resistances, on average 2 to 5 MOhm, were also compensated.
Single-Channel Data Analysis
All experiments were acquired using pClamp 9.0 or 10.2 software, with time and current amplitude data analyzed with this software in conjunction with Origin 7.0 (OriginLab, Northampton, MA). Patches were selected for low baseline noise levels with no drift of the baseline current (in general, low noise was associated with high-seal resistances). Channel activity was determined during at least 1-minute recording period before application of ET-1. The channel events were analyzed by Clampfit 9.0 or 10.2 software (single-channel search in analyze function). A 50% threshold cross-method was utilized to determine valid channel openings. All events were carefully checked visually before being accepted. NP o , the product of the number of channels and the P o , or P o itself, was used to measure the channel activity within a patch. Single-channel unitary current (i) was determined from the best-fit Gaussian distribution of amplitude histograms. Channel activity was analyzed as NP o ϭ I/i, where I is mean total current in a patch and i is unitary current at this voltage. By definition, then, current at the closed state is 0. When multiple-channel events were observed in a patch, the total number of functional channels (N) in the patch was determined by observing the number of peaks detected on all-point amplitude histograms at the first minute after application of ET-1 when maximum activity was observed. If channels opened independently of one another and the exact number of channels in a patch was known, then the open probability of a single channel could be calculated by dividing NP o by the number of channels in a patch. Thus, where appropriate, P o was calculated by normalizing NP o for the total number of estimated channels (N) in the patch. To increase accuracy in measurement of P o , only patches containing five channels or fewer were used.
Immunoprecipitation and Western Blot Analysis mpkCCD c14 or CHOs were transfected with the appropriate construct for 24 hours. Cells were washed twice in PBS and lysed in lysis buffer containing 20 mM Tris (pH 7.5), 100 mM NaCl, 5 mM MgCl 2 , 1 mM EDTA, 1% Triton X-100, 1 mM sodium fluoride, 1 mM sodium vanadate, 1 mM phenylmethyl sulfonyl fluoride, 1 g/ml pepstatin, and 1 g/ml leupeptin. Equal amounts of proteins were separated by using 7.5% SDS-PAGE, electrophoretically transferred onto a polyvinylidene difluoride membrane (Millipore), immunoblotted with the appropriated antibody, and visualized by enhanced chemiluminescence (Amersham Biosciences Inc., Piscataway, NJ). For immunoprecipitation (intraperitoneally), antibodies against FLAG, 14-3-3␤, or ␤Pix (Santa Cruz Biotechnology, Santa Cruz, CA) were added to the cell lysate (500 g) for 2-hour incubation, followed by addition of protein A or protein G agarose beads for an additional hour. The beads were washed three times in PBS. The immunoprecipitated proteins were released from the beads by boiling in 1ϫ sample buffer for 5 minutes and subsequently were analyzed by Western blotting. Total cell lysate (Total) was run to assess the equal overexpression of the constructs. Expression of recombinant proteins was verified by immunoblotting with antibodies to the ␤Pix. Equal amounts of cell lysate were subjected to Western blot analysis using antibodies against ␤Pix (Chemicon, Temecula, CA), myc, or ␤-actin (Sigma).
Statistical Analysis
All summarized data reported as mean Ϯ SEM; statistical analyses were performed using corresponding t test. For paired experiments, Wilcoxon signed-rank test was used. Differences were considered statistically significant at P Ͻ 0.05. (*P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001).
